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To wndorstand howr tho goshlon analyzes and sesnhonds
to ¢ompick sound stirmli, it is dosirable to lmow what kind
of rwssaso individual norve fiboers carry from the ecar to
the ccntral norvous systems In 1942, Galambos and Davis
(9) rccordod olocitelc responses of single ganglion cells
in tho c~~hlear nucleous, which they onco bollioved to bo
from singie audlrory ncerve fibers, Those rosponscs, ro=
corded from the sccondary neurons ln the eudlitory syston,
indicats that oaclh oleneont rcsuonds to a tone of a particue-
lar frequongy witn a rerticularly hipgkh sonsitivity.
0alambos (8) also doseribed an inhititory intoraction be-
tween thie rocnonses to two difforont sound stimuli in th
coehlea nuclous, It 1s therefore possiblo that the
solective response of oach element at this level of the
aundltory systert to a particular [roquency could be largely

duc to somo commplicated interaction among nervo impulses
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arriving at the ecoshlear nusleus cvor & large number of
primery auditory nerve fibers.

Qutte r2asontly, it has besn shown in this Institute
{1G,20) that the basal turn of the guinea pig ocochlea
responds to practiocally all frequencies &in ths audibdle
range. wvhile tie uppor parts of the cochlea respond oniy
to sounds of low frequiroless 5y the mothod of differsntial
recording of the miorophonic response across the coohlear
partition, it ws3 shown that, when iho regvonse of €lvs upper
part of the cochlea (to lmfnqusnay‘ sounds) had desn
eliminated ¥y o looal injection of an Lfsotonic KCL
solution, thore were &till good normsl responses in ths
basal turn, both mierophonics anid nerve action potentials,
These results exsclude eny sher: crwxijization of vidbratory
moticn in the coohlea.

The "resonancs curve" obtained by Bélkdsy (3), whioh
corrslatss mechanical displacemeant of the sochlear partie

tion of the dead human and animal eara with place in the
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ocochlea at various froquencies, is not very sharp. JlNovere
thelens the large miorophonic end nerve action potentials
Znducvd by low froquency sound in the basal turn stili
seem 4ifficult to reconcile with Bgﬁgby'o curves, which
show a fairly rapid decay in amplitude of vibmation towara
the basal turn, !More direct information as to the nerve
impulses in the primary auditory neurons seemed to offer
& solution of this difficulty.

The discovery of submicroacopio mioroelectrodes by
Ling and Gerard (12) and by Naétuk and Hodgkin (13) opened
up the possibility of recording single~fiber rogponses from
small nerve fibers in anatomlsally restricted positions
in the body. The possibllity and the difficulties of
recording roesting ani action potentials from nerve fibers
has recently been discussed by Woodbury (2l) and by Tasald
(19). With these intraecellular elostrodes pushed into the

myolin sheath or the exis-oylinder, 1t 1s possible to record
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large action potentials whioh often amount to 30 mV,

Aotually the attempt to roecord sush single fiber
reaponses from the auditory nerve turned out to re
successfule The results obtained indicatad that the nerve
fiders arising in the dbasal turn regpend to al) the fre-
quencies examined (between 500 and 10,000 cpb) at sounsi
levela of about 50 &b above 0,0002 mlﬁrobara Unliks the
cell=dbody responses from ths coshlear nusleus, none of
the spontaneous discharges observed in these primary
sansory neurons wore oever inhibited by sound stimulations

The synopsis of this work was presented in the

SR SR

Spring Meeting of the American Physiologieal Soclety

in 1953 (20), !
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METHODS

Surgical operation. Guinsa pigs were anaesthotized
with Dial in urethane (0.5 0c./Kge body welight)s An
incision was made thrcush the skin along the massoter
rmuscles After ligating the external jugular veln both the
masseter nmuscie and the mendible were cut aoroas in ths
mlddie, and the pdgterior half of ths mandible was romoved,
By lifting the posﬁgrior part of the magaseter muscle, ths
bulle was then exposed. Next all the tissues around the -
styloid process were carefully separated from the surface
of the bone and the proceas was ocut across, with a dental
drill, as close to its base as possible, After sleaning
the surface of tho dbulla a large opening was made in the
bulla to expoase the ecochlea, the ossicles and the tympanic
menbrane.

Then, with a ams&ll dontal drill (size 1/2), a small
hole approximately 1 mm. in diamester was made toward the
modiolus through the thick bone bounded by ths scala
tympani of the cochlea, the vostibule and the cerebral
cavitye This hole was started on ths edge of the bdbulla
at ths point approximately 3.5 rme. away from the yround
window, and a% the depth of approximately 2 mm. 1t reached
the meodioluss The histological specimesn shown in Fig. 1
shows the position and the dircetion of the hole. The
surface of tho acoustie nerve was then cleaned with a

sharp needle end forceps., All these operations wero duiw
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urder a disseoting binocular microscope of about 10 x.

Acounmulation of cerbro-spinal fluid in the hole was

=low, except when thers wap a direct eommmioation betwsen

this hole »nd seala tympani of the cerebral cavity. When
the directiocn 2f the hole was sush that porforation weas
first made in the wall of the ocaredral cavity, the animal
was disocarded, A direct cormunication between the hole
and the scala tympani did not cmuse any snpreciable ioas
in the response of the acoustlic nerves but, because of
rapid ascwmlation of perilymph in tho hole, insertion of
tho microelestrods into the nerve {ibors was considerably
more Aifficult in animals with suoh a corrmmnication.

The head of the animal vas fixed to a table provided
with threo holdors made from strong forceps. Ono holder
was used to clamp the zygomatlo arch, the second holder
applied toc the edge of tho bulla noar the attachment of
the eardriwm and the third held the upper incissor teeth,

If the animsl was too active at this stage an additional
does of 0,03 to 0.05 0o. of Dial was injected intrae
peritoneally. A proper dose of anaesthotic and frequeht
heeting of tho animal (to avold silvering at room tempora=
ture) mnde the animal quiet enough to permit obescrvation
of single fiber vesponses with microelectrodes. Ths
axternal auditory moatus was genorally closed with a

ndage of pherileensyand the sound stinmull wore apniied

bsough LI apwaling 14 the bulla.
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Elestro~acoustic eguimmont. Sound atimuli used werd
(1) olioks. (2) tono pips, (3) pure sinusoldsl waves of
various i'vequeneles, and in some caoses (L) sinusoidel waves
which wore moduiabet  in boith frogueney and intensity.
Clicks were obthi?ed by applying a roctangular voltage
pulse to an Atlas PM=25 loudspeaker to which a gardsn hose
of approximately V5 om. was attached. Tone pips (short

bursts of sound waves) were obtained in two wayse Some=

~ times they were obtéined by passing the roctangjuiar voltage

pulso through two se¢ts of eleotric rosounant circults of
the desired frequenocy (see Davis, Siiverman end NeAuliffe
(6))s Sometimes pipas wore obtained by passing e pure
sinusoldal wave from an oscillator through an electroniec
gate designed by lr. Je idnd (1)) and constructed by Mre
He Ludwige The purs tones woare obtalned from a beate
frequency oscillator (Genoral Radio 130}~A or 913=C).

In order to make it possible to test ths effects of
several different rrequenciaa in & short time, tho frequency
of a boat=frequency osciliator was changed slowly by
changing the capaclity of tho condenser in one of theo
radio=frequency resonant oircuilts of ths osclllator. The
rate of thlia change was controllad by a motor rotating the
plates of the variablo condenser, The output of the
osclllator was led to the elestronic sate which increased
the amplitude of the output from the oscillator along an

exponential tims couvse. The duration of the bursts of
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sound and the intorval botween those ¥slatively long pips
wore also oontrolled by the gatee The tranaduser ussd fox
this type of acoustioc atﬂ.ﬁulation was in most oases Signa- f
ture {(Levging D=175), which has & neerly flat response bee
tween 500 and 10.000 ops. The horn of the transducer was
directed toward the opening of the bulla at a distenss ol
aprroximately 50 crie from the animal,

To measure tho approximate intensiiy of the stimuli
& dynamic microphone {(Vestern Lleatric 33A) was placed
near the ear of the animal.

Recording slecirodes and squipments Nicroelectrodea
used for recording single fider ressponses wore made of
glass capillaries having a diameter of 1/3 to 1/l u at the
tip. The rate of inorease in dlamdter with distance from
the tip was between 1/8 and 1/10%, The capillary was

“Mhia electronemloroscopic measuroment was done with the
help of Dr. Ile Dempeey of the Department of Anatony,
Washington University, to whom I wish to express my
cratitudee

filled with a three-moliar XCl solutione Eleotrodeswmre
selectod whioh showed a DCercsistanse of betweon 20 and
4O MOe The glass capillary was held with a luoite holder
and a fine silver wire (0,1 mm, in diameter) sonnested ths
capillary to the input of a cathodeefollower preamplifier,
The output of this prearplifier was amplifisd with a cone
denser-goupled amplifior (Gress). The resting potential

of the acoustic norve flibers was usually not measured,
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tihen recordings of the cochlear mlcrophonic and wholee
norvas action potentials were needed, nichrome~steel wires
of about 20 u diemotor were inserted into various turns i
of the coschleas and, by the method deseribed earliior (21),
the warious potentials wr re geparated from one another and

were roacordsd simultaneously with independent cathode-ray
oscillographs,
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RESULTS

1. The relationship between thd sound intensity and

the microphonic responses. Two pairs of nichromo-steel

wire eleectrodss were inserted into the ocoochlea, one pair
\ in the basal turn and the other in the third turn, The
miorophonic responses from the first and third turns of

the ocochlea and the sound wave picked by the microphone

near the head of the animal were recorded similtaneously,

An example of the records obtained by this method 18
shown in Fige 2. The intensity of the sound field weas
adjusted at each frequency, to pive a counstant voltage
across the ocochlear partition in the basal turn. As desofibed

in an earlier paper (21), the rosponse of the third turn

decreoased rapidly as the frequency went up from 500 to
2000 eps. The phase differences betwesn the responses from

the two turns in these records agree &1s0 with the results

TR

described earlier, the differenae at 500 ops., being

approximately /2 and at 1000 eps. olose to Tr. Tho lovel
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of the sound pressure necessary to producs a constant

microphonic pciential in the basal turn dspended onliy
slightly upon the freguensy. At BQOOAcpa. it was sbout

10 db bolow that at 500 epe, In the rangs of sound ine

IR NLS 3

tensity omploysd, the microphonic potential increassd
linearly with increasing sound intenslty,

The difference in the aound levels at high end low

s Y ——————

fraquenales negeasary to produco'a conatant voltage in

the basal turn varled creatly with the smount of fiuid
acouwnulated around the esrdrum., Gradual outfliow of peri-
lymph through the four 25 j» holes made in the cochlea for
the nichrome~steel eloctrodes rioistenod the inner surface
of the tympanic_membr&nqﬁ Thie inoreased the sound level
roqulired, partisularly at low {requoncies. lioreover the
resonances and antierescnancss in the buiia eand also in

the alosad external asuditory canal make ascurate comparison
of gound layel with tne microphonlc responge at different

fraquencles very diffisultis
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2. The shars of single fiber xesponses. The time~scurse
of the aingle=fiber responses recorded with microelectrodss
from the auditory nerve of the guinea pig was not very

different from those obtained by the same method izrom the

peripheral nerve of the frog (19)s The Msaing phese of

the internally recorded action potential was extremely

sharp and the falling phase was of the order of J,5 msec,

(Becnusa of the distortion of the recorded potential by
tho’ capasitative surrent flow through ths thin glass wall
of the microelectrode, the exact time course of the action
potential is not revesled by this method.) The peak valus
of the observed apilke pobentiai was generally betwecen one
and 10 mVve Sometimes, due to the capacity of the glass

wall and the myelin sheath, the falling phase of the

positive splice potentlial was followed by a slight negativity,
On many oscasions single«fiber responses were observed
bolfore the start of the resting potontial (see Reoords C

and O Iin Fig. 3)s This faot, together with the "noiches"
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which of'ten appeared on or near the top of the observed
action potential {see the records in the middis column of
Pigs })s indicates that the microelectrode ig actually in
one of the myelinated fibers in the modloluse In the Irog
motor nerve fihsr these notchus derive from delayed oone
Guction between the nodes of Ranvier on the two ends of
the interncde punctured with the microsiectrods (19). It
was 2lso mentioned in the earlier paper that s thin film
of myelin, which sometires covers the tip of the mioro~
electrode, 1s cepable of sustaining the resting polential
eoxross 1t, while the rapid volbtago change during activity
passes through this capecitative membrane, In seoveral
cases the "thin film of myelin” .apparently disappeared
tomrcorarily after the and of a spike potential (smese

Reserd C in Fig, 3 aud records in the right soclumm of

Flga. i) A resting pocential sppeared imnedistely following

a response and then graduslly returnsd within less than

e soaond.
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The size and the shay~a of the spike potential changed
appreciably from fiber to fiber, and alsc from time to
tim® in one fibder; dut the ochanges in a given fiber usually
progressed very slowly except when a sudden movement of
the animal cesed a sudden jump of the oscillograph line,

As long as the base line of the osclllograph =tays quiot,
wo can be sure that the mioroelectrode is still recording
potentiala from the same fider.

3. Spontaneous dtscharges. In all the experiments
desceribed in this paper microelectrodes were pushed into
the acoustic nerve while the sound stimull (in most cases
tone pips of relatively long duration) vero.being applied
to thes ear, It was found by this technique that there are
in the Eighth nerva quite a number of fibors in which the
impulse discharge cannnt be modified by sound stimuli-.
These spontaneous discharges can be olassified into the
following throee types:

(1) Rreguler spontansous discharge,
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(2) Irregular spontaneous discharge, and

(3) Injury discharges

The frequency of regular gpontaneous discharges was
generailiy vetween 30 and 50 per soc. (Figs. 3, A)a The
interval betweon impulses was mere constant when the fre=-
queney was higher. This type of apontzneous discharge
waa slightly lsss goomon than the lrregular types

In irregular spontarsous qieschargee, the intervsi
between the 3uccensive lmpulses in one fiber varisd often
from 1 to L4O msse, The total numbsr of impulses diascharged
in a sevond varled from 10 up to almost 100, The Gisge
charre was arbitrarlly considerod irregular if thore waa
a mnaximum variation of as much as 3 to 1 in the intervals
between Impulses. For frsquenciea of disschargoe less than
30 per sec., the division between rogular and irregular
diecharges was not clears

Regord I in Fig. 3 is en examploe of & highefrequency

irrepuiar discharge. Thse shortest intsyvels betwesn




AR T e

e e e g o NI SRR o

B

el

k2

B s armiica ]

S e

#"_,f
Y = ',.-; TR 21 T
L}
<

impilses are about 1 msesce Since the abasolutely refractory
period of & nervse fiber ls approximatsly equal to the
spike=-duration (2, 18) a spike should end always before
the start of the next spike, but bscause of ths ocapacity
acrcss the wall of the gless eaplllary microslectirods, which
lengthens the falling phase of the recorded potential, two
spikes following olosely one after another glve a false
impression of a sumation of two splkes,

An injury discharge is initiated by the appearance of
a resting potential in the microelectrode, The frequency
at the beginning of the injury Aaischarge may be as high as
300 per sec or slightly more, but 1t generally dies away
falrly rapidly. This type oi discharge usually coeases
before its frequency falls below 100 per seds In fibers
in vhich a low=froquensy spontaneous dischargs was resorded
before the appearance of a resting potantial short bursts
of (injury) discharges often ocourred periodically,

apparently following the arrival of each (afferent) impulsa
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et the site of the injury by the miorocelsctrods.

In Fige. 3C, some of the spikes following the appear-
ancd of the rosting potentisl are probably thozs induced
by the injury ocurrent, dbubt it is difficult to tell oxactly
how many ¢f them are due to injury in this case, In Pig,
3D, the szplkes inducwd by injusry are slightly large:r than
the zpontaneous impuises reoorded bafore the beginning of
the resting rotentisi, Figure 3E ghows the progressive
change in the slze and in the shupe of the rising phase of
the spizea indueced by injurye. Durlap the brlef cessation
of Gischargo in thie record; small elasvatiora are sesn
which su;gest non=propagated responses at the nede of
Ranvier e¢lose to the injured spote Since, however, a miocro-
elsctrode can pick up action potentiels sluuvltuneously
from two different fibers in one nerve trunlk {19}, the
possibllity that those olovatlons axe due te impulses in s

neighbaring fiber oen not be axecluded.
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The physiologloal significance of the spontaneous

discharges is not clear. It 15 not possible to distingulsh
between afferent and eofferent impulses by looking at our
gscillorremas, Spontaneous dischnrges of impulses wers
observed in &ll the animals examined, Ve identify these
impulses as "spontaneous" and not due to injury because
they appceared without ths appesrance of a (DC) resting
potential,

It is my impression chat most of tho noneauditory
nerve rfibers that scarry spontaneous impulses ave located
in a compact bundle, \When the microeleotrode is pushed
into a particular region in the nerve, the noise lovel of
the oseillorraph 1line goes up and spontansous dischargeas
which can not be modified by sounds are recorded from
many fidbers in this locallty. It seems likely that the
microelectrode was pushed into the vestibular dbransh of

the Eighth nerve in those cases, It 18 also possible that
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these fibews belong to tha (efferent?) bundla of Rasmussen
(1), which is known to survive ths degsnoration of the
afferent fibera which ooccurs efter ezposure of the ear to
loud sounds,

Spontanecus dischargea were prsasnt elso In auditory
narve {ibeors which 4id rsspond te gound stimuli, Most of
thess affersent fivers showed only occasional spontansous
impulsss, but in some fibers thers were many. In those
fibers with a highefrequeney spontansous discherge, the
effoct of an applied sound was often partly obscured by the
basksround activity, but throughout the entirs course of
ths present experiments gpontansous discharges of impulses
were naver inhiblted by epplied sound stimulls, This is
ong of the importent differsnces betwsen the prinmary and
seconduyry neurons in the auditory systeoll.

;. Responses to short Lone pipdse A low-Irogusncy

tone pip is the best stimulus for slisciting afferent

frpulses in the suvditory nerve (22}, It can exsite any
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acoustic nerve fiber if 1t is strong enough. In response

te a 500 opss tone pip twe or three impulses usually
eppeared at the expected interval of approximately 2 msec,
Three examples are presented in Fig, L. In these axperi-
ments the miorophonic responases of the basal turn and aoction
potentials of the wh.le nerve wore rocorded simultansously
with ths single=fidber réaponao..

The microphonic and the whole-norve responses always
showed a relatively stsble ccuriguratione Bspeoiamlliy at
high sound intensities most of the responses to those
pips, repeated at a rate of 6 to S per sea., looked so
simlilar that only one example of each is presented in the
figures 3ingls fibver responses showed, on the contrary,
enoymous variations in latency and in the effectivenoss of
the stimilus. Ii most casea single~fidber spikeos tended to
appear at or slightly after the pealts of the wholeenerve

responses, but very often they failed to appear at all at

Rppr— " T
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the expected moments, Furthermore, when the sound intenalty

é was no very high singleefiber rospcnses appoared only once

Y

I
‘ in response Uo overy iwe or three plpse
g Simea all the fibers sxumined wers found to show these
4 ervatis vesponzes to a given tonoe plp, it ie cleoar that

the slze of & whole nerve response Ls detsrmined primarily

by the probabllity of the avdliitory nerve fibaers vecponding

toc eech cyecle of the souni wave. The differencs in lateney
among differont fibors, howsver, corplicates this kind of
argunents

With 1000 cps tone plys sinrles={iboer regponsce alse
showed a definite toendeney to appesay at the fraguenay of
the spplied mound waves., iers agein many of single fiber
spikes were sasn to start at the peak or in the felling

phage of each wholewnorve rsegponsce The prcbability of

cbtaining a spikke at this memont incroased direstly with
the sise of the obsorvsed whcolewnorvs reshonze, It has boen

2 phevin previovsiy (5) that ab this frequensy the wholeenorve
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responses tend to appeer at the rreqguensy of the applied
sound.

Strong highefroquency tons pips are adsquate for
measuring tho time interval between the start of the microe
phonie responss and the atart of the whileencrve response
(5s10)e With strong 8000 ops, tone pips, it was found that
the latensy of single-~fider responses was not constant but
varied considerably from pip to pip (pips repeated at a
rate of 7 to 8 per secs)s A fiber which has responded to
a pip with double spikes at a relatively short latency may
respond to the next pip of the same intonsity with a
aingle spike at a loﬁg latency or sven with no spike at
all (Flge 5)¢ The wholeensrve rosponses, which were re-
corded with a palr of small metal wire electrodes insenrted
in the basal tizrn, showed practically uo fluctuation of
amplitude or latoncy at this intensity,

The time interval betweon the start of the microphonie

response and the earliest single-fiber response measured
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with strong 8000 ops. tone pipes varied among different
Mbors from Ll.1 to 13 nmsece. The latency for the peak of
tha whele nsrve rcsponse at this sound level was very 2iose
to 1 nsec. {@se Goldstelr (9}).

At 8000 ops. it 18 impossible for individual fibers
to follow the frequency of theo appllied sound boessuse of
tha rofrastoriness of the fibers. It 18 known that such
a highmfreduoncy plp induese renorally two, somotimes théee,
wvholeenerve gpikes approrimniely 1 msee avart (5) (seo
Pleeu. 5 and 0)e Single-fiber reosponses wore found to show,
as in tho case of lowelrequency tond pips, a tendency to
apposar et ths peak or in the falling phase of ths wholee

nerve spiltes, The varlebllity in the latency was; however,

far pgreater with these highef'requensy plps than with lows

fro~uency pipsi this accounis for the fact that a wholoe
newvs reanonse to an 8000 eps. pip shows less steep rising
and railing pheses vhen ¢ regponade tc a 500 eps, pip.

The sesond peak in the wheleencrve rosponse te an 8GO0
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ops. t;ae pip is called the "M ~rasponse,” and has often
bee: attributed to the secondary neurons in the coschlear
resleuse But the primary neurons in the audltory system
tend to respond to an 8000 ops, pip with double, sometimes
triple, spikssy and our records 3how & parallelism between
the s.za of whe Npo-responss from the whole norve and the
probability of obtaining double responses from single
fibers, In the experiment of Fig. 5, for exarple, the
No=response was 3mall, and doubls responses were observed
in only five ceses out of 17 successive stimulations,.
(Note also the variation in the latenoy of the second

spike,) In the oxample of Fig. 6, the Ny-response was

large and ropotitive discharges were very frequently observed.

The major portion of the Np-response therefore seems to
repregont tho repetitive responsecs in the primary nenrons,
and not rosponses in the secondary neurons,

A few records wore nmade of singleefiber rosponses to

ciiokse The loudspealker used for this purpose (Atlas
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FM«25 couplod to 175 cme of arden iwose) ahowg? a sharp
redcnance &t approximately 8000 epse. The shortest latency-
of the single~fiber reaponses to thls cliok did not seem

to differ from thet to an 8000 cpe pipe

5. Response tn pure tones, On the indlividual celle

boddes in the c¢ocalear nucleus, Galamboz and Davis (9)
investigated the phage prelation botwesn the sound wave gnd
the rs:ponses of singlo elemtnitse We have nade similer
cbsavvetions on individuel ecchlear nerve {ibers alt several
dlflferent froquenclsg. Two cxamples of the rocordy obtsinsd
at 10UC ops. are praosented in Plg. 7.

In these experiments the zound wave {(picked up with a

dynarde microphone) and the ginglsellbsr responses wers

rocoprded ai wlteansously with two oseilliographs. The

osallle raph Llnes woere rlyrored by tus cutpulr of the

aucico=cgcllliator driving ihe loudspealktar, thus giving 2
stendinug plcubture of twe or thres full cyelsa of tha

sovnd vave or the cgelilorraph sorcuxn, The intensity of

e e e e Y
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the sound was approximately O to 55 db above the normal
human threshold., The microslectrode was pushed into the
audi tory nerve while the sound wave was being appliod through
the opening of the bulla of the animal,.

For frequencies lower than 2000 ops i1t was possidble
to record single fiber responsaes which tended to appear at
approximately the sam® point in the oyclos of the stimue
lating sounds In other words, the interval between these
spikes showed & tendency to be esome intogrsl multiple of
the period of the applied scund wave, Thare were also
many cases in which this tendency was not clear at alle
In such casca the microelectrode was probatly pushed into
non~audi tory nerve fibers or, in some other cases, spontaneous
afferent impulses may have masked the impulseg indused by
the sound stimuli,

For consideration of the inlitiation of nerve impulses
in the cochlea the relationship between the phase of ths

oconnlear microphonic and the start of the singleefiber
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spikes 18 imporsante This was investigated by recording
tha microphonic responses of the basal turn together wisth
the single=-{ibsr rresponses. The stinmull were not simple
sinugoidal weaves; instead their amplitude was s8iowly ine
arcaged by moans of the eloactronic gntes This was done to
incrsase ths probabiliiy of pgetting a respcnse in one
cycle by avolding adaptation {(which progressively decreases
this probability durlng the ection of & continuous socund
wave ). The sweep of tho osolllograph beama was triggored
by the output of tho sudios«ocsollistor ahead of the ampliitudae
modulation by the gats, giving on the scraens of the
osclllcgraphs a standing sinusoldal wave of slowly ine
creaging arplitudes In order to separats the individual
aweeps, the Llgures on th2 scresn Wores photographed with
a running £iln,

At & freyusncy of about 290 ops singiee{iber spilkos
appeared in all of the slx cases exemined Lwvwrard thi end

of %he negative phass of the microphonic wave {i.s: the
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potential of the fluid in scala vestidbull of the basal turn
was lower than that in seala tympani)., In other words,
single=~fiber spikes rscorded at the position of the hole
in Fig. 1 tended toc appear during the period teiween =7/l
and reros of the sinusoid of the microphonie wave recorded
from scala vestibulli. The start of tho apikes dependod
slightly on the intensity of the sound; higher the in-
tensity the shorter was the latenoy. But this shift by a
zraudal change in the intensity was generally within the
range of o/l Tedian at this low frequency (see¢ Figs 8)e
Similer cbservations were made At frequency of 500 spa.
out of 22 different fidexrs on thres differont snimals 12
fibers showed a tendenscy to reapond betwsen O and 77/2
{namely in the positive rising phase of the microphonic
response in scala vestibuli of the basal turn), thiee
fibers between 77/2 and 7, three fibers botweer 47 end
3n/2 and the remaining fi¥e fibers between 37/2 and 0

(very close to zero in three cases),
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A few trials wore mcde with 2000 opss tonss, Although
thers was gome tendeneoy for Zhe impulses to start at a
dofinite phase of the sound wave, the resulis wero not very
cloar hHecauso, ag thias frequoney, one cysie c¢f thoe sound
wave was too short ss comperad with the variabllity in
lavensy of the apikes, The cxperimsnt was not tried a¢

4600 o 8000 opse

6. Nerve impulsas stariing in differsnt parts of the

cochlar, In this sexiea of expsrisents ths sound stimull

wore & Ltraln of tons pipe the frequaney of which was

changed greduslly from approz:imately 500 to 9000 cpse. The
pips were repeated at a rate of sewsn to 20 per sec

Within 2 pip the amplitude of the medulatoed wave was insreassod
and decreased by means of the elsetronic gate approximately
exponern:tiaily, the timeesonstant of the amplitudeelnsresse
being in most cases avout 15 msos. and that of the
ampiitude~decroease about 5 meec. The intensity of the pips
wag in generel 50 to 70 db above the human throshold in

the rocme
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In F!.g. 10 are presented responses of four differeant
nerve fibers in the modiolus obtalned from cne and the
same aninmnl under oonstant experimental oconditions., 1In
many fibers responses to sound atimull were found to appear
in a 1imited range of frequensy, umiteq only on ths highe
frequency eido in the renge employed, From this one animal
responses from 30 different fiders were recorded, Among
those 30 fibers, 12 fibers responded to all frequencies
betwean 500 and 8000 opse., nins fibers showed an upper
1imiting ﬁequancy betwaeen 000 ond 7000 ops., seven
fidberg betweon 3000 and 1000 opg, and the remaining two
fibers had their limiting frequencies between 500 and 1000
opss At thls intensity of stimulating sound no fiber was
encountered for which the response was limited on both ths
lower and the higher sides,

This type of experiment was done on mors than 150

different fiders from eight successfully opsrated animals

with pips of different shares and 4ifferent repetition rates,




In all the animals except the one mentionsd above moro than
50 per gent ©f the fibars anesminod were found %o respond
to any frequensy Tetween 530 and 3G2C ¢ps. In one particus-
ler animel, all of tho 2& filbess examined shoved unmistaizhle
reapensas to all tho Lrocuencies sorployeds

There is no doubt thet tha basal turn is the only nlace
in tho coehilsa which responds o highef{irequency tonsg
(efs 21)c 'Molo=norve actlon potontials Iinduced by a
highefrequency tone pip ere nodified strongly by applica=
tion of KC1 or nolrrlcing current cvon whon the action ia
1irndbted o tho basal turn (22}« Vo should therofore asceibe
21l the regponsus to higk-Crequency scunds (sbeve gay
7000 gps.) to fibers aprlceing in the basal turn of the
cochlior, Dub those scow {fibers wers found to »rssgpond also
%0 low~froqueoncy tone pirs (see fibers I in Fig. 10},

Rocont oxperlments bty Bokosy {3) and a sories of

expsrinents fron this Institubte (21; 22) hsve proved boyond
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any doubt that the aplical pert of the cochlea responds only
to low={requenoy tonos. In a proliminary exporiment, it
vad deronstrated that when tho train of tone pips {used
in the experiment of Fige 10) was applied to the cochlea,
only tho tons pips of below 2300 ops genoretod microphonic
responses in the apical one-fifth of the cochlea, Thus

1t 48 clear that thoue fivers for whioch the responses are
1imi tsd to the low~frsquency rangse (fiber A in FPig, 10)
must arise in the apieal part of the cochlea. It follows,
from the sames type of argumient, that those fibers having
their 1limitins frequenciss in thoe nm!ddle~{requency range
{(fibor B and C) originates {rom the nervo endings in the
middlo part of tho cochlea. The limiting frequency of a
nerve fidber never changed during the cowrse of ar: experie
mente, As we shall smee lator, 1t depends only slightly on
the intensity of the tones,

7« Threshold intensity as a funstion of frequensye.

For segsondary neurons, Galambos and Davis (9) were abdle

- PO e —
. - ree T T

Y
apianad X T Ly — L au Py . ~
pgERy g * oougn ) v g




- 33 =

to measure the threshold intensity as & function of frecquoncy.
The direct method used by thwoas anthors, howevsr, did not
soom to be applicable to the nerve fibors In the odlolus,
Decause of tho highly werlable character of the singlo-fibep
responses, nany tegts are ncoded to determine the threshold
for eveg.ono Irequency: end 14 is difficult to keep a
microolectrode in ono nervo fiber for a period longer than
about 10 Bsec,

One method tested in an attempt to measure thrashold
for a singleenorve fidber at different frequencies was to
uss 8 series of pips of flxsd frequsnoy dbut slowly increasing
Intensity, and to determine the sound prossuro when the
first responsqs ocourrad, It wag expseted that a fiber
would rospond cvory time 2as szon as a certaln throesinold
intensity had been reochede DBut actual triuale showod that
this method is ontlrely inadsgunte bvecause of tho great

variabllity in tho Intenaity at walch the first response

appsaredes
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A botter method was, using the arrangements for ths
experiment of Fige. 10, to shange tiwo intenslty level by
ateps and to exanmine the whole paittorn of responses to
pips of varying frequensye On a fow favorable oscasions
it was rogsidble to record rosponses from ths same fiber
for a perlod loncer than 10 see, This period was long
enough to rescord the responsmes to tone pips of about 10
different frequenclies at soveral dlffaren£ intenaityllovela,
because the time required for tho autuniatically inoreasing
fpequency to change frem 500 to 9000 cpse was in gensral
only 0.5 to 0,7 soc.

This method showed that at low intonsities some {lbers
respond to tones in a limited frequency range, limited
on both the high and the low froqueﬁoy sides, The upper
frequency limit waes not influsncod appreciably by the sound
intenslity, but the lower limlt depended strongly upon the

intensity level of the tones.

The dotted cwrve shown in Fige 11 was oconstructed, from
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the action potential records of a single fiber, 1in which a

microoleectrode stayed for more than 100 soc,, by connscting

the frequoney 1linlts at different. sound levels, This
curve roprosonts tho boundary of the "response-area"
(836 Celambos and bavis (9)) and expresses the relatione
ship between tho frequency and intensliy of pips which

Just oxclted this partioular nerve flber.

The extremc 3tecpnoss of tha curve on the highefrequency

silde is ceortalnly comparable to Lhio corresponding part

of Calambog and TNavis'a curves for the seconlary neurcna
It indicates without doubt thet ot a givon sapot in ths
cochlen the mechenical vibration of tihe coshloar pavitition
begsomes suddenly very samall when tho frequonoy 1s in-
groased above o sortain limlt which is charactoristic of
the position in the cochlsa, The presencs of auch a "oute
off frocuency” at eoach pluce in the cochlea has been
denonsitrated by Rekssy (3) who observed tho uschanical

disploacement of the partition {on dcad anlawls) and alsc
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by Tasaki, Davis and Logoulx (2i) who measured the coochlear
microphonies at d.fferent places in the cochlea,

The . radual change in tiresiiold on the low froguency
side of thoe curve in Fige 11 1la veory different from the
corresponding part of tho ourve obtained for the cochlear
nusleus by Galambos and Davis (9), The process of 15;
hibition, wihich has been demonstratod by Galambos (8) in
the cochloer nucleus, gecms to be the main cause of the
differonce betwoen the response-areas of the priunary and
the scoondary nouronss The inhibltion in queastion must
occwr in the cochlear nucleus dbecause, as noted in Scetion
3, wo nover detected any indication of Inhibition by tones
or pips of the spontaneoua dischorge in prinary nourons of
the auditory system,

It should be polnted out in this eonnection that the
slope of tho ocurve in Fig, 11 depends to somo extent on
the mothod of nrosenting the sound stimuli to the animal,

The dynamloc miorophone nlaced near the head of the animal

- By & Rt e TR W)

K]
P Y E : :
> kL - P4 & N
R % 4 L e a3 # L 5
N

skl i

il il 1



e

e abat ot s aashit e gl

e e v S W

e —
s . - - — e o SR A —- -
- P Ta— = )

- 37 =

moaswrcd the sound pressure 1n the fi2ld to which the enimel
was sxnosed, Dut, the actual pressure which drives the
oval window 15 modified by tho ros.nence of tho bulla and
by the dynamics of tho middle ear. Asocwaulation of a amall
annount of fluld on the inter aide of ths tympanic meribpane
can raise the thrsshold Tor lowe{requency souxls rnors than

20 db without affecting the tiwesinold for higlhi fraquoncies,
Irn epite of these gommlicatlons, howover, it scems safo to
gonclude that the ocurve relating frequsney and throghold
intensity for an auditory nerve fiber in the nodlolus
gcongists of two narts, ono a cradual £all In throgihold
vith inercasing frequency and the other a sharp rlise in
throslicld for frequencles above & cortain ffequenay, The
frzquency at whion the threshold shows a rough minimum 4is
& funotion of the position of ths nerve endings in the
cozhlean,

Ascording to the resulis of neasursmants of the

amplituvde of the mlerophenic resnonses &8s 2 funcitlon of

AR 4 3 -

P
|



, s Re

=

T

o S o 5

i e

i 3

B

sy Rt ke WWP‘

- o O o L R T

o

=
L ol
i E’.;Ld\m"" g RS S R AN RN g S e

P ‘km’x':’:— -

- 30 «

froquency at differont places in the ecochlea (21), this
poslition of the minimum threshold for a glven frequoncy
should b8 in tho region of tho cochlea wiwre ths vibration
of tue coo!iloar partition lags bohind thai rcar the round
vindow by 0.5 to 1 oycle of the sinusoidal wavee In a
series of exporiments similar to that of Fige 2, 1t lis
been shovm thot near the frequency at which the nicroe
phonic rcsponse o an upper nart of the cochlea lags
bohind that from the round window hy one full ecvele
(arnrcx ~atoly 1 koe at tho third twm, as can de seon

in tho £1:ure) the aplitude of tho :ieroniionis rosp nne
frou the wver part bemins to fall off ranldly with ine
creagsing £roquencye

In the exporiment of I'ige 2 the sound pressure was

decraased pradually with increasing froqueney in order to
keon tho basal fturn microphoniec at a sonstant level, 1If,
on tho eontrary, the sound nressure outside the animal is

held conastant at different freqgrencies; &s it was approximately
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in all ctaer experiments dsscrided in this paper, the
mierophonic responses for hishefrequeney tonos s .oulgd

be sli:iitly sccontuated on tho highefrecvoncy side. In
other words, under tho conditions of tho nres. nt exnerle
ments tho mlcpronhonic ressponse at a glven apot in the
coghloa incrcasos ;radually with Increasing frequoncey,
reached a rouvzlr naxinwmn, and finally, at the cuteoff
froquency, begins bto fall off rapldly as the froquency is
increased furiior.

The tircsholdefrecquency curve, therefore, roflects
directly the sizo of the mleronhonle resnonse at sach
froquencye This conclusion ~lves a sirong sinport to the
view that the nmicrophonic rosponses are the direst stlinu-
lating ngent for the avditory norve endings (Vever {(23)3
Davis, Tasald and Coldstein (7)). Considering the »rssulis
of Belesy's divect observatlon on the displacement of the
cochlear nartition (3), 1t misht be inferrsd further that

In the vasal turn low—{roquency tones ceause vory small
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displacomonta, far smaller than in tho upper turng, but
the excitatory effect of this small displiacevent upon
tho hair ceils and tie ncrve crd'ngs 1s only slightly
smeller than 1ite offect in the uppor part of the cochlef.

8. Higk and low tireshold fiborge Durin; the course

of exporinents with tone »ips of chan:ing froquoney, it
was somotimes noticed that some fibeors respond to a pip
with a very small nunber of afforon$ irpulsos while in
riany other fidbors the same pip ollcits a large numhor of
spl'zos. An oxarplo of such rosults is prosented in
Fige 124 All these roocords voroe talkten fran onc and the
sarie aninal under consiant experinental cunllitlons,

In this particular animal all of the 23 difforent
audi tory nerve fibeprs exemined responded to all the firo-
quencies botrveen 500 and Q0G0 ops, at the sound levol of
80 to 105 db ntove 0,0002 ricrobar, The rasording rdcro-
olcetrode was apparently always nusiiod into the b:ndle of

nervo flbors arising in the bdasal turn, Ancng 20 fibors,
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, eisht fibvers responded with an average number of 0.3 to 2,0

impulses to a pip, one fiher with 3.5 impulses n»er pip and

A
~

the wronmelining 17 flbers reasponded wilth le0 to 042 lmpulses

per »ire This result aug eshs that fibera from the basal

tuen consist of two typos, one with high threshold and

the other with low threshold, Tho difforsnee in sxeltability

ancng these fibera are not due to the variation in the

coadition of the fiber becauss the averagso aumbzsr of Ine
! npulses in vcanonss to & pip ‘Wid not change as long as &
nicrosliestrode stayed ip tho same Tihors FFlboexs with
differant exeltabllity wore sncecoumbored duvring tho course
of au axporimsnt in wvandom order, This excludes the possi-
bility vhat the diflersnce 1n cxeliabillity was due to &
prospessive ehange in tho condlsion of tho animel,

A wery reagonabls ejplanation for this difforanco in

PE8DONse, syl castad by Dite Hallowell bavia, in es {cllows:

The 1ow thresield fibers may be those arising from the

1 cabernal helr ecolls and the iph throeshold fibers thcae

"
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irnorvating the Internal hair c2lise It is 'tnown {(ses
vavis ot =X, {})) that exposuré of the gsuinea pic ear to

a sound of an anprcpriate hiph nboncity Jdestroys snly the
extornal halr-cells, leaving the internal halzr colls slnost

Int.cts It therefors ssomg that the oxternal halr gcolls

are oxposed to a groeatcr vibratory riotion than the internal
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hair cells bo those for the soxternal haly colls is not

inovm at present,

For tho fibers aris!ng in the uopoer paris of Lhw

cochlea the dlstinction between the high and low threshold

fivers a3 not very clear due to the difficultey in

selocting & pronor sound lovol to demonstrate the difference
in execitabllity by ocownting the numhser of L:mulses,

lezs the gov:d ‘ntonsity ls adjiusted to tho Hwoghold for

the fibers witn lover excitsabillty, it 1s difficult ©o

demonsirate tho differonecs ¢slearlye.

And for tae f{ibors

coming from the upper part of the coehloa the cute-off

frequeney ~reatly lisited the nuber of cbgoervatlonse.
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It 18 my 1mpression, however, that & great difference 1in
excltnbillity exlsts also amofiy the norve filer arieing in
tha upper parts of tho cochlea.
The number of impulses induced Ty a tone plp incroased
with inerensing intensity of sound, but this derendence
was less marked at higher intensities, The number of
iwmpulses increased approx mately logerithmically as the
sound »rosswxdes This logarithmic law, which ~Adelan
described 1n 1923 (2) has, however, only a statistical
meaning 1n the auditory asystems Almost all ths affersnt
fibers show a tendency to discharga‘lmpulsea spentaneously
in absence of any sound wave, indicating that the process
underlying inltiation of impulscs at the ncrve ondings 4a
fluctusting a3ontaneously wlithout any extornal stimulus,
Appurently due to thls snontansous wvarlatlion in excitabllity
at the norvo endinge, discharge of irpulses by a train of
tons pips of & constant intensibty and a constont fregucncy
fluctuntos from time te ting in an unnrodictabls manner,

24

(Sav tho lower vecord in Fig. 13, I'.)

e e e g w o, L .

. 3 g P A v e
it a"‘ e MW' S

e Al



Caaden |

Py #0)

s e
T Y PR T RS VO S R T T PR <

s o A YPITI TRIRT AIIERER TTE

Fi A:—.(“

P e

- bl -
Figure 1l glves an example of this stustistical loparitie
nmie lsw of disaharge in rslation to the sound intensity.
In this type of experiment the intensity o the tone pipsm
(elther 500 or $000 ¢ps) was changed at & spced far sloner
than the rate of rise and fall of intensity In each pigp.
The thiek line in the figure was drawn in accordance with
the formmla
N = D (1/k) loge(I/Ig),

where I{ signifies the number of impulses induced by a pip
of the duratlon D and intensity I, and k and I, are the
oconstants to be chosen to it the curve, This resuvilt
su;;e9ts, on the basis of the arguientz stated elsewhere
(Tasald (17)3 Sato (16)), that the froquensy of impulscs
initiated at the sndings is deotoapmined the relsative ine
tanaity_zézg cf the stimulus and by the recovory from the
refractoriness at the intlal nart of the at'feront fiber.

Then thec recovery of oxoltability (rosiprocal of threahold)
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should be glven roughly by the function .im (t is time and
& the base of natural logarithms). The veluve of X was
betweer, 5 and 6 mseos.

At 500 ops, alsoy thoe observed relation heiween the
nurber of lamnulses and th? intoraity of sound assemed o
obey thae lorarlthmic law. but ths rosult vas leas clecar
et this frequoncy %than at 5000 eps. Dus o teohnieal
dirficultioe othey propertice of the [ibers uged for this
type o? oxperinent (sapes btiwir orizin in ithe cochlea and

their sensitivity to sound) wore -t exatined.

9. Adentation, Since the time of 1drian's picnoer

worls (1923), 1t is wall known thafy in many sensorsy Norve
eandinsge vndsr the actlon of & constont sensory stimwvlus,

the freguencey of Lomulses in an individual fiver dsercasss
progpesgively with time, In individnal enditory nerve
fibers thls srodual decrease in tho froquoncy of iripulse
wes repulazly obssrwed during the sctlon »f o 3ound stimdus

of o censtant frequaney and Initgnsity. I6 vas wy ispregsicon
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that proccess of adaptation wes mere uarked at higher free
quencice and at higher intonsities. Dut no systematic

investigation was made on these nroblems,

10, After-diischarge, Vhen a relatively strong tone
pip wez anplied Ho the ear the discherge of impulses
of ten continued for a short perliod (sometimes longer than
30 msec,) aftor the end of the pip. Figure 15 shows an

exarples It ie unlikely that this afteredischarge is

due to stimulation by echos in the room {(which might porsist

for a short timo after the end of a pip), becauss the
gsound level meacsured with a dynaic microphone placed nsar
the heed of the aninmal was, toward the ond of tho alteore
discharge, more than 50 db below the intensity of the pipe
Since the rdcrophonisc response reecordsd {rom the cochlea
never povgists more than 1 to 2 msece alfter the end of the
apnlied sound, tho after~dlscharge 1is pfobnbly dus to a

nerslsting activity at the nerve ondingse, The irrerular

nature of the ai’ter-dischargo seems tc cxeclude the posaibility
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that it nmicht bo duve to an injury eoither at the reglon of

the ncrve endings or at tho rccording microelsatredo.

DISCUISION

Many of the implicationsi of the reusults chivined by
recording single«f{lbor responges from the cochlenr nervs
have bteen pointed out in the preseding sections, However,
the finding that the auditory nerve filbers srialiag in the
basal turn respond to sounds of eny auvdible freguency
deserves further coment,.

In oprovious papers (Tasskl and Fernfndez (22), g, b
Tasaki, Davie and Legoulx (21), Figs I} it has been shown
that a snall amount of XC1 sciutlion inixoduced inte the
apcx of the gulnea plg coshlea eliminates the mierophomio
regponscy ($0 a lowefrequancy pilp) f{rem the apleal rerloa
without appreciably affoobing the aslize of the whcle~nerve
action potentials, A similar Ureatnient of ths basal tuen

with €1 elirdnated the major portlon of ths nerve responses
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Apparently the lmpuises traveling along the fibvers {rom the
upper part of the sochlea sonstitute only a small part of
the wholo~norve response. The impulses in those fiters are
agynchronous (except at cxtremely low frequencies) because
of the traveling wave pattern on the dasilar membrane,
and the number of such fibors is only a small fraction of
the total auditory nerve fibers, Thus all the previous
oxperiments in whioh riorophonie rosnonses and action
potentials wore recorded with electrodes placed near or
in the basal turn of the cochlea must now be considered
a8 glvirg information as to the funotion of the basal turn
only and not the upper pa:t of the cochlea,

The fact that the responses of the basal turn fldors
appoar at or slightly after the negative pealt of ths whole-
nerve r;spgnae (Figeo. 5 and C) supports the view {(Davis,
Tagalki and Goldstein (7)) that ths wholeenorve response
18 generated by the norve impulses traveling in tﬁe

modiolus, The distance from the apiral goncilicn in the
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basal twrn to tho internel aiditory meatus is something
like 2 rmne, and the rote of conductlon in this pari of
the avditory ncrve fiber should bs, on tho basia of the
fibaredlaretors, about 10 n/vecs The recording micro-
dlootrodes wereo pushed into Lhe fibore at a point
epproxiaately half way betwsen the splral ganglila and
the internal auditory meatus. It has besenn shouwn previously
(7} thet thoe potontial in the modiolus (recorded with a
gross slcetirode) shews a sharp nogsbivity at oy very
8lightly after the negativo veslk of the cordinary whole=-
Nnerve 1'e8pPOnNSes

T™Tha experimontal results obtained with micreelectrodes
shed some ligcht on the problem of the initietion of
sudl tory nerve impulsesg at tho nerve endings. At 290 cpSe
single fibor gpllzee appearsd toward the cend of the nepabive
rhase ¢of thos nmicrophonic wave. Allowlng epproxinmately
1 macas for the conduction from the andings to ths wosorliiug

micreeloctrode {efw Davis, Tesull and Geldoheia (7)1, 1% im
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found that the impulses rmust have arissn at the endings
slightly before the pesnk of the negative phase of the
microphonls wave {(recorded from scala vestibuli of the
vasal tuwrn), In other words, afferent impulses are inie-
tiated in the period when the elsotric current {(which
generates the observed miorophonic potential) is flowing
through the hair cells from scala vestiduli tc soala
tympani. (Note that in & continuous sondueting medium
a negative potential appears when there 1s s sink of current
in the neighborhood.) PFurthermors & <irect current applied
acroas the acshlear partition flowliag from soala vestidbuil
toward scala tympani enhences the nerve rasponses (22),
This gives strong additional experimsntal support to the
view that the microphonics are the lnbternnl stimulus which
excites the afferent nervsc endings slectrically.

Tho results obtained with 500 ¢ps tones are complicated
8lightly by the fact that single«fiber spikes from diffeorent:

flbers appear in different phases of the eyol: of the
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microphonic responsse DBut the roason for such variety 1n
the phase at which single-fiber enikss apyear 18 cloare

I% has bsen showm (21) that at S00 c¢ps. the phose of the
micropnonic rosponse reccrded from the apical guarter
(namoly the third and fowrth turny) of ths guinsa-pilg
coohlea lags behind that of the respongse 2f the basal turn
by rmore thaan 77 radlians. Since thess wicrophonis responses
are the sign of meghnanical movement of the cosinlear
partition in recsponse to the appiloed sound wave, and sains
thoy are direcctly connoeted with the prccess of Iinitiation
of nervo impulses st the ncrve ondings (23, 7). we should
expect the irmulses inltiated in tho third or apical turn
to lag beliind those of the basal turn Cibars by nore than
W redians, The differencs in conduction distarce {(from
the endorgens to the site »% recording) among tlhcse nerve
Jivers gould also Give prise Lo some differcnce in the time
of arrival of #those impulsss at the silc of the nlcroelectrode,
but bocause of ths anatonical arrangoment of the guinne pig

coohls~ this difference rmust e 3maile
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At 500 eps. the basal half of the sochlea vibrates

almost simultancously so that the difference in phase of

ity ol ] D

sy g

: . the motion 1s less than 77/l raitan (21), Since the number

of afforent fidbers per unit longth originatiang in difforent ‘

g e T AN

parts in the cochlea does not differ appreciably from turn

o AW

to turm (Vever (23); for the human cary Fernandez (wie
published), in the ruinea pig ear), the majority of the
cochlear nerve libers should rospond in a definite phase

of the basal-turn microphoniecs Actually, those sychronized

-

nerve impuires gave rise to well-defined whola-nerve action

St & aicaise, SEEC e T e —
-

potentinls (sec thi® examples in Fig. ii)e The majority of
the single-fibor spikes (recorded in the modiolus) tended

to appear the phase 0 (at which the whtle~-nerve rosponse

7 B MR V. S Y I <
-

shows a sharp psak) or slighzZly laters It is therefore 2
quite safe to conclude that those fibers whioch respondad

in the period between O end 7/2 in phase angle originate

oy w“rqga:w-wzm;

in the basal halfl of the cochles. And apgain, allowing

1 nsce. for the conduction between the norve endings in
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tho basal turn and the site of rocording, it 1es found
that the nerve i:pulses ere snltiated at the endings in
tho sarly half of the negative phaso (scula vestibuli
negavlve to soala tympani) of the microphonic wave, Thia
agrees with the conclusion drawn from the resulis Cop
290 cps.

At 290 cpa., the tims rogquired for the nnechanical
wave to travel along the eochlemr partltion towardz the
apoxX, s much shorter than at 500 tp8. The phase diffsrcenes
of the microphonic wavee is not more than /2 between the
two extremo snds of the cozhlear pertitions In othex
wordse, the entire cochlear partislon ia beating elimost
synelwonousiy at this low frequencys One s8hould therofors
exnoct all the single=fiber spikes to appear in the samne
relation to the mierophonis wave. Qur obsorvation showed
thet this 18 actually the case.

Teking whole~norve reanonses as thoile indox, ilcsenbiith

and Rosenzweig (15) arrived 2% the tonslusion that the
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nerve impuleses start at & definite phaazs of tho microphonic
wavg. As has been polinted out above, thelr experimonts
deal oniy with the responses of ths basal turn fibers and
the microphoniec responses in the basal turne Tho presensce
of such reiationship betwsen these two types of responses
is therafore in pgood agresment with our roesults.

The cochles has long bsen considored as a Ikind of wave
enalyzor waich 1s capable of separating a compound sound
wvave into its components. This notion is. however, only
partly true, In the basal turn & nixture of high and low
tones causer a mechaniocal vibration as such, namely,
without its being resolved into its components, and excites
the nerve ondings in ths form of the appiied mixed wave,
Separation betweer tiie somponents occurs only as the
mechanical wave (caused by the mixed tones) travels along
the eoochlear partition upwards and the higher frequency
component decays more »apldly than the lower ona as thay

travel (21), The application of Fourier analysia to a
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csomplex sound wave and interpretation of ths total phyasiow
logical effoct as a sum of the effecta of thore constituant
pure tonss 1s dangerous and in most cases erroneous. Vave
analysis 1s of ocourse esgontial for any theoretical and
practical treatments of dynamical problems in the sochleas
But, for oonsidersation of' the process ol initiation of nerwve
impulses (which are all-or-none in nature), particularly in
the basal turn where eny mixture of tones can ect w: thout
being separated intc its comnonenta, mathsmaticel analysis
of the complax wave into 1ts physlcal components is undoubtedliy
worthlons,

Through the experimental results dessribed in this
papor tha physlologlical basea for pitch permseption in msn
has einc become clesrer. Up to 2000 eps, ot least nerve
impulses 1n individuel auditory nerwvs fibars tend to appsar
at some intepral muliiple of the pericd of the sppllied

purs tonss In the entire range ¢f the =udibis gounds, the
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pattern of distribution of excitatory proocess iIn the
cochlea (as sxamined by observing its tondency to initiate
nierve impulses) changes as a function of frequency: the
lower tho frequency the gmroatarls tho emphasis in the
aplcal part of the coohiea. A pure tone exclites in goneral
an "area," and not a "spot," in the cochleas, A touns is in
2 senso & complex stimulus that causes rosponses in many

diffe ont norve fibera from diffsront places in ths cochles.

SWINARY ARD COI‘TCLFISION

l, A techniquo was develepsd to 1ecord singlee-fibor
responses from the coohloar nerve in the modiolus of the
gulnea pig on seoustic stimulation.

2o Spontancous dlacharges of irmulses were recordsd
fron man& non=audi tory nerve fibera in the eighth nerve,

3. Spontancous discharges of irmpulscs in individual
audi tory nerve fibers were never iniibdited dby acoustioc

gtimilations, This 1s one of the main diffarences batween
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ths primary and ths sczondary nourons in the auditory
system,

4. In vcaponse to a strong 8090 cps. tone pip, singlee
fiber spilzea started at, or slishtly after, the peak of
tho wheleenerve responis. 7%Thess spikes shiowod a merked
varistion in latencys The najor portlon of tho Ny-response
of tho whole=nerve action potantial is genorated by the
ropetivive activity of ths nrimary neurons.

5. The nowvve fibers arising in the basal turn of thsa
cochloe rospond to tones of any audible fiequoney, The
fibers arising in the upper part of the cochlea respond
on.y tc lowesfroquency toncs, The response erea wWas mappsd
out for saveral gingle avditery fibers.

6. Ths size of the micvophonic response recordad
with difforential elsciroles from differont pavss in the
coohlase repreogonts the tendency of e tone to initliats

nsi've lmpulsges at that place and frequency,
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7. Vith 290 and 500 eps. %tones the nerve impulses
ara inftated carly in the phase of “he microphonioc response.
during which the hair cells are troversed by slectrio
curront flowing from scals veatibull to seala tyrpant,
This strongthens the view that tho microphounic resncrrcs
are Qirect electrical at muli for initiating inmpulses at
the nervs endingso

8. Some of the basal turn fibers have higher threshold
than others. It 18 su gested that the nerve ondings on
tho internal hoir callas ere less aensitive teo sounds than
those on the oxternal halr cells,

9. Following apnlieation of & short strong tone plp

& briof afteredischarge of impuises was often observed.,
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Flgure 1, A mid-modiolar sscition of a guinea plg cochles,
The dotted lines show the position, the direction and the
size of the hole for wupproaching the nervs itibera in the -
modiolus. The bar at the corner subtends 1 wm,

Figure 2, Relation betwesn the intensity of sound (left
column) and the microphonic responses recorded from the
basal turn (middle) and from the third turn (right) of

the e¢cchlea. Three records at sach freguancy were photo=-
graphed simultaneously. Compare relative amplitudes and
the phase differences. Calibpration at the bottom indicates
the sound pressure of approiimetely 57 db above 0,0002
miorobar at 1000 eps. (left) and 1/3 mV psak to pesk
(middle and right).

Figurs 3, Discharge of 1mpulses in non~auditory nerve
fivers in the Eighth nsrve. A: A regulav discharge
recorded together with gsound stimuli, B: An irregular
discharge. C: A lew-fresquency irregular dischargs with
the start of the resting potentlal in the middle, D:

Start of an injury discharge. E: An injury discharge.

Four different fibers from the cochlecr nerve. Time marker,
10 msec., applied also to other records. The gradval rise
of the bpase-line following the start of the resting potential
in records C and D is due to condenser-coupling in the
arpnlifier,

Figure l, Responses to strong 500 cps. tone pins recordsd
from three different fibers In one cochlear nerve. Whole-
newve responses and microphonics are snown below. The
largest single fiber spikes ere of the order of 2 nV

and the whole~narve spikes are about C.1l uV.

Figure 5. Microphonics (left), whole~nervs sction potentialg
(rmiddle} and single-fiber responsss (right) induced by

3C0Q eps tone pips repcated st 8 per sec, The amplituda

of the microphonic responses was approximately 0.1 mV

(peak to peak), tha whole-nerve rvesponses about 0,25 mV

end single~Tibor spikes about 2.5 V. Time marker, 1 msec.

Figure 6. Seme a&s in Filg. 5, but with longer pips. The
diccortion of the base~llne Iimmediately before the first
cihgle-fiber splkes is dus to the whole-nerve responsss

picited up by the microelectredse Time, 1 msec,

Figure 7. Single-fiber spilkes lnduced by L0000 cps pure tonos.

Sound intensity was approximately 55 db above normsel human
thresholde The sinusoidal standing wave showa the sound
stimulvs recorded with a dynamle microphone. The figure
cn the oscilllograph screen weaa photographed with a
stetionary filmj exposure apuroximately 0.5 sec.
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LEGENDS (Continued)

Figure 8., Timae-relaticvin between the microphonic responses
(records on the left in eech column) and the single fiber
responses {right). Sound stimull were slowly inecrcasing
290 eps. tones of approximately 50 db above the normal
human threshold in the room. The deflection of the left
oscillograph bsam was upward when scals vestibull became
positive relative %o scala tympani. The maximum amplitude
of the observcd microphonlc response is spproximately

0.1 mV peak to poak. The two colums were taken from the
same fiber,

Figure 9. Same as in Fig. O, but with 500 ops tones, The
right and left sets of records were taken from dairferent
fibers in the same cochlear nerve. Sound intensity in the
room was approximately IO db above the hman threshold.

Figure 10. Responses in four different fibers in a ccchlear
nerve to tone pips of between 600 and 8300 eps. Sound
stimuli were racordzd simultaneously by means of a micro-
phone. The interval between the pips was approximately

50 msec, The sound pressure for the pip at tho resonance
point near 1000 cps was annroximately 9L db above 0,00UC2
microbar, The mlcrophone used was almost flat from 500

up to 9000 cps, The splke-height of the largest single-
fiber response was sbout 3 mV,

Figure 1l. Responses of a single audltory nerve fiber tu
tone pips of different frequencles and intenaitles.

Stimuli were similar to those used in the experiments of
Fige 10, but tone pips for the uppermost records (0 db)
were 10 db stronger than in the previous experiment. The
dgtted line shows the boundary of the response-area o6{ this
fiber,

Figure 12, High-threshold (A and £) and low~threshold

(B and D) reaponses in fouwr different basal-turn fibers in
the same cochlear nerve under congstant experiuentsl cone
ditions. Sound intensity for L1000 cps pip was approximately
105 db above 0.0002 microbar. Pips were repeated at
approximately 50 msec. intervals.

Figure 13. Effect of sound intensity upon the number of
impulses. A: Responses to 500 cps tone pips; the airongezt
Pips in the picture were approximately 1OL db above 0,000z
microbar. B: Reaponses to 5000 cps tone pips; the strongest
pips vers approximately 106 db. A and B were taken from two
défferent fibvers in the same cochlear nerve., Time mazkev,

10 msace
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LEGENDS (Zontinued)

Figure 1llie Relation betwesn the irntensity of a plp and the
pumber of impulses elicited by the nip in a slingle audltory
nevrve fiber, Frequency, 500 epa, The sbicissa represents
sound pressure in microbers (linear scale). The shspe  of
the pips is glven.

Figure 15, After-discharge of impulsses fellowing stinuiae-
tion with o strong pip. Time marker, 10 msec, The in-
tensity of the pip in the middle of the figure {1100 eps)
was approximately 9l db above 0,0002 microbar (maximumg’
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